Objective: This study was conducted to identify and evaluate the effective single nucleotide polymorphism (SNP) markers for fat deposition in the longissimus dorsi muscles of pigs using the amplified fragment length polymorphism (AFLP) approach. Methods: Sixty-four selective primer combinations were used to identify the AFLP markers in the 20 highest-and 20 lowest-intramuscular fat (IMF) content phenotypes. Five AFLP fragments were converted into simple codominant SNP markers. These SNP markers were tested in terms of their association with IMF content and fatty acid (FA) composition traits in 620 commercially crossbred pigs. Results: The SSC7 g.4937240C>G marker showed an association with IMF content (p<0.05). The SSC9 g.5496647_5496662insdel marker showed a significant association with IMF content and arachidonic levels (p<0.05). The SSC10 g.71225134G>A marker revealed an association with palmitoleic and ω9 FA levels (p<0.05), while the SSC17 g.61976696G>T marker showed a significant association with IMF content and FA levels of palmitoleic, eicosenoic, arachidonic, monounsaturated fatty acids, and ω9 FA levels. However, no significant association of SSC8 g.47338181G>A was observed with any IMF and FA levels in this study. Conclusion: Four SNP markers (SSC7 g.4937240C>G, SSC9 g.5496647_5496662insdel, SSC10 g.71225134G>A, and SSC17 g.61976696G>T) were found to be associated with IMF and/or FA content traits in commercially crossbred pigs. These findings provide evidence of the novel SNP markers as being potentially useful for selecting pigs with the desirable IMF content and FA composition.
INTRODUCTION
Increasing levels of intramuscular fat (IMF) content has a positive impact on the meat quality of pork [1] . The fatty acid (FA) composition of pork is an important factor in defining lipid quality due to its implications for human health [2] . Fat deposition and fatty acid composition in pork are very complex traits that are likely to be controlled by a variety of genes [3] . There have been several attempts made to identify the quantitative trait loci (QTL) for IMF content and FA composition in pigs using microsatellite markers [2, 4, 5] . Recently, advances in the highdensity single nucleotide polymorphisms (SNPs) chip approach have allowed for the genotyping of a large number of SNPs throughout the genome [6] . The genome wide association study approach has been carried out to detect QTLs affect on IMF and FA content in the muscle tissue of pigs [7] [8] [9] . Empirical evidence of identifying QTL for IMF and FA content traits have been successfully performed using F2 or crossbred experimental populations, e.g. Iberian and Land-race [7] , White Duroc and Erhualian [9] , Yorkshire and Korean native pigs [10] . However, QTL segregation must be confirmed in different breeds for successful marker-assisted and genomic selection [5] . Very few research efforts have undertaken the QTL for IMF and FA content traits in the commercial line pig breeds [4, 8] . Genome scanning of chromosome regions for IMF and FA content traits in the commercial lines is important for improving meat quality in the pig production process.
Amplified fragment length polymorphism (AFLP) genome scan is an alternative relevant approach in detecting potential genetic markers with specific traits. It is a robust and highlythroughout tool for screening the whole genome and produces a large number of markers that can be converted to simple codominant locus-specific markers without prior knowledge of the specific sequences [11] . The AFLP approach has been used to successfully identify the QTLs for meat quality and carcass traits in both pigs and cattle [11, 12] . In this present study, we identified and evaluated the effects of novel SNP markers for IMF and FA composition in the longissimus dorsi (LD) muscle tissue of the commercially crossbred pigs using the AFLP approach.
MATERIALS AND METHODS

Animals, DNA isolation, intramuscular fat, and fatty acid content determination
The study protocol was approved by the Animal Ethics Committee of the Faculty of Agriculture, Chiang Mai University, Thailand. A total of 620 commercially crossbred pigs (Duroc and Large White×Landrace) (322 gilts and 298 barrows) were reared under commercial conditions. Animals were slaughtered according to applicable standards at the slaughter-weight of 90 kg. The LD muscles were collected from the 10th rib for DNA extraction and for IMF content measurement. The genomic DNA was extracted according to the standard phenol-chloroform protocol. The IMF content of each LD sample was determined by the ether extraction method and expressed as the percentage of IMF in fresh meat. Fatty acid composition was determined by using a gas chromatography apparatus (SCION 456-GC, Bruker Daltonic Inc, Fremont, CA, USA) with a RT-2560 capillary column (RESTEK, Bellefonte, PA, USA). Fatty acid composition was reported as the percentage of total fatty acids.
Amplified fragment length polymorphism analysis
The AFLP analysis was conducted by selecting the specimens with the 20 highest-and 20 lowest-IMF content from the 620 commercially crossbred pigs. The AFLP procedures were performed according to the previous study [11] . Genomic DNA samples (250 ng) were digested with FastDigest EcoRI and subsequently with FastDigest TaqI (Fermentas, Hanover, MD, USA) based on the manufacturer's instructions. Restriction fragments were ligated to 10 pmol of EcoRI-adapters and 50 pmol of TaqI-adapters in 30 µL of the ligation mixture that contained 1 U T4 DNA ligase. The reaction was incubated at 20°C for 2 h and then at 4°C overnight. The ligated DNA fragments were diluted 1:5 with double-distilled water and used as a template for amplification. Pre-selective amplification was performed in 25 µL containing 10 ng of diluted ligation fragments, 1× Taq Buffer (20 mM Tris-HCl, pH 8.4, 50 mM (NH 4 ) 2 SO 4 ; Fermentas, USA), 3.0 mM MgCl 2 , 0.25 mM each of the four dNTPs, 0.25 U Taq DNA polymerase (Fermentas, USA), 4 pmol of EcoRI-N primer (E-A) and 4 pmol of TaqI-N primer (T-C). The polymerase chain reaction (PCR) program was performed as follows: 3 min at 94°C, 20 cycles of 30 s at 94°C, 1 min at 56°C and 1 min at 72°C, followed by 5 min at 72°C, and ended at 4°C. The pre-amplification products were diluted 1:20 with double-distilled water and then used as DNA templates for selective-amplification. The selective amplification was carried out with 64 primer combinations (E-ANN and T-CNN). The reaction was carried out in 12.5 µL containing 2.5 µL of diluted pre-selective amplification products, 1× Taq Buffer (20 mM Tris-HCl, pH 8.4, 50 mM (NH 4 ) 2 SO 4 ; Fermentas, USA), 3.0 mM MgCl 2 , 0.25 mM of each of the four dNTPs, 0.25 U Taq DNA polymerase (Fermentas, USA) and 2 pmol of EcoRI-NNN primer and 2 pmol of TaqI-NNN primer. A touchdown thermal protocol was performed, as follows: 3 min at 94°C, 2 cycles of 30 s at 94°C, 1 min at 62°C and 1 min at 72°C, reduction annealing temperature by 2°C in four steps of three cycles each. The PCR was proceeded with 20 cycles of 30 s at 94°C, 1 min at 52°C and 1 min at 72°C, followed by 5 min at 72°C, and was ended at 4°C. An aliquot of the selective amplification was added 1:10 with formamide-containing loading buffer. Denatured products (10 µL) were loaded on 6% urea-containing polyacrylamide gels and electrophoresis at a constant power of 55 W for 3 h. The gels were visualized using silver staining.
Cloning and sequencing of AFLP fragments
The AFLP fragments of interest were excised from the gel samples and eluted in 20 µL of 1× PCR buffer at 4°C overnight. The solution was boiled at 95°C for 10 min and 5 µL of DNA fragments were reamplified using the same primer for the selective amplification of the PCR conditions. The PCR products were gel purified and cloned into pGEM-T Easy vector (Promega, Madison, WI, USA) according to the manufacturer' s instructions. The inserted clones were sequenced using automated sequencer CEQ8000 (Beckman Coulter, Brea, CA, USA). The sequences were analyzed for homology with NCBI (http://www.ncbi.nlm. nih.gov/BLAST/) and Ensembl (http://asia.ensembl.org/Multi/ blastview) databases.
Conversion of AFLP markers into simple SNP markers and SNP genotyping
In order to discover the polymorphisms in the restriction sites and within the AFLP fragments, the PCR fragments obtained from pigs of both extreme phenotypes were comparatively sequenced. Primer sequences were designed by covering the AFLP fragments based on the flanking sequence information acquired from the Ensembl (http://asia.ensembl.org/index.html) database ( Table 1 ). The New England BioLabs cutter (NEBcutter) software (http://nc2.neb.com/NEBcutter2/) was used to identify the specific restriction enzymes for each SNP marker. To identify the SNP genotypes, the PCR reaction was carried out in a final volume of 20 µL containing 50 ng of genomic DNA, 1× Taq Buffer (20 mM Tris-HCl, pH 8.4, 50 mM (NH 4 ) 2 SO 4 ; Fermentas, USA), 1.5 mM MgCl 2 , 0.25 mM each of the dNTPs, 0.2 U Taq DNA polymerase (Fermentas, USA) and 2 pmol of each primer (Table 1) . A thermal protocol was performed as follows: 3 min at 94°C; 38 cycles of 30 s at 94°C, 30 s at 58°C to 60°C and 30 s at 72°C; and the final step was done for 5 min at 72°C. The amplified fragments were digested with restriction enzymes (Table  1 ) and separated on 8% polyacrylamide gel electrophoresis. The gels were visualized using silver staining.
Statistical analysis
The genotype and allele frequencies of the SNP markers were calculated. Significance of the AFLP fragment frequencies between the extreme two groups (high-and low-IMF contents) was tested using the chi-square analysis. Association analysis of the simple SNP markers with IMF content and FA composition traits was examined using a general linear model. The following statistical model was used:
Where y ijklmn represents the observed value of the phenotype traits, μ is representative of the population mean average of the measurements, sire i represents the fixed effect of the sires (i = 1 to 5), dam j represents the fixed effect of the dams (j = 1 to 15), sex k is a fixed effect of the sexes (k = 1 to 2), batch l is representative of the fixed effect of the slaughter batch (l = 1 to 12), marker m is representative of the fixed effect of the marker genotypes (m = 1 to 3), and e ijklmn represents any random error. Significance was detected at the 5% level of all statistical analyzes.
RESULTS
AFLP analysis
Sixty-four selective primer combinations were used to identify the AFLP markers for IMF content. A total of 1,454 markers were observed with an average of 35 amplified fragments per primer combination. The majority of the AFLP fragments ranged in size from 50 to 800 bp. From these, 145 AFLP markers were found to be polymorphic between the two extreme IMF content groups. A representative AFLP marker and the associated fragment profile are shown in Figure 1 . Twelve polymorphic fragments revealed the most striking significant differences between the two groups of high-and low-IMF contents (p<0.05). These AFLP fragments were obtained from the selective primer combinations as shown in Table 2 . From these, the AFLP fragments were cloned, sequenced and used as candidate markers for fat deposition in muscle tissue.
Identification of AFLP fragments and chromosome locations
Five AFLP fragments were successfully sequenced. Homology searching and in silico mapping were performed using BLAST and Ensembl databases. All AFLP fragments were homology identified to the genomic DNA sequence of the pigs (Table 3 ). An AFLP fragment shared significant similarities with a known gene of pigs. The AFLP2 fragment showed a significant level of similarity with the porcine ankyrin repeat domain 16 (AN-KRD16) gene (GenBank accession no. XM_013980330.1) and was located on chromosome SSC10 at 71.2 Mb. On the other hand, four AFLP fragments (AFLP1, AFLP3, AFLP7, and AFLP10) exhibited sequence identity with porcine DNA sequences (90% to 100%) and were located on chromosome SSC17 at position 61.97 Mb, SSC7 at 4.93 Mb, SSC9 at 5.49 Mb, and SSC8 at 47.33 Mb, respectively (Table 3) .
To identify the causal polymorphism of these AFLP markers, the primers were designed based on the flanking sequence information that covered the AFLP fragments. The DNA fragments of the pigs that represented the IMF content extremes were amplified and comparatively sequenced. Four fragments (AFLP1, AFLP2, AFLP3, and AFLP10) were identified as SNP at the TaqI restriction site, selective sites or within the AFLP fragments and were named as SSC17 g.61976696G>T, SSC10 g.712251 34G>A, SSC7 g.4937240C>G, and SSC8 g.47338181G>A, respectively. The other fragment (AFLP7) was identified as insertion/deletion (Ins/Del) in the AFLP fragment and was named as SSC9 g.5496647_5496662insdel (16-bp Ins/Del).
Association of SNP markers with IMF content and FA composition
In order to elucidate the effect of the SNP markers (derived from AFLP fragments) on IMF content and FA composition, the relevant traits were investigated in pigs. Five SNP markers (SSC7 g.4937240C>G, SSC8 g.47338181G>A, SSC9 g.5496647_5496 662insdel, SSC10 g.71225134G>A, and SSC17 g.61976696G>T) were genotyped in 620 commercially crossbred pigs. Genotype and allele frequencies of these five SNP markers are shown in Table 4 . The results of the association analysis of five SNP markers and the fat deposition traits in the LD muscles are shown in Table 5 to 8. The SSC7 g.4937240C>G marker was found to be significantly associated with IMF content but, showed no association with any FA levels ( Table 5 ). The SSC9 g.5496647_ 5496662insdel marker showed a significant association with IMF content and arachidonic levels ( Table 6 ). No association of the SSC10 g.71225134G>A marker with IMF content was observed. However, this marker was significantly associated with palmitoleic and ω9 FA levels ( Table 7) . The SSC17 g.61976696G >T marker was significantly associated with IMF content and FA levels of palmitoleic, eicosenoic, arachidonic, monounsaturated fatty acids (MUFA), and ω9 FA levels (Table 8 ). However, no significant association of SSC8 g.47338181G>A with any IMF and FA composition values was observed in this study (data not shown).
DISCUSSION
The AFLP approach is generally considered a powerful method of genome-wide scan technology for the QTL identification of complex traits. Several studies have successfully identified the QTLs and candidate genes for growth, meat quality and carcass traits in various livestock species [11, 12] . In the present study, the genome-wide scan for fat deposition in the muscle tissue of pigs was investigated using the AFLP approach. The selective markers were then further elucidated to determine an association with IMF content and FA levels. Four of the five candidate markers showed a significant association with IMF content and/or FA composition. In this study, the SSC7 g.4937240C>G marker revealed a significant association with IMF content in the crossbred pigs. This result is consistent with those of previous studies in pigs that were used to which identify the QTLs for IMF content on SSC7 at position 2.0 to 11.6 Mb [13] . The SSC7 g.4937240C>G marker obtained from the primer combination E-AGC/T-CCA IMF, intramuscular fat content; SFA, saturated fatty acids (C14:0+C16:0+C18:0+C20:0); MUFA, monounsaturated fatty acids (C16:1n-9+C18:1n-9+C20:1n-9); PUFA, polyunsaturated fatty acids (C18:2n-6+C18:3n-6+C20:2n-6+C20:3n-6+C20:4n-6); ω3 fatty acids (C18:3n-3+C20:5n-3+C22:6n-3); ω6 fatty acids (C18:2n-6+C18:3n-6+C20:3n-6); ω9 fatty acids (C16:1n-9+C18:1n-9). a,b Values in each row with different superscript letters are considered significantly different (p < 0.05).
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Supakankul et al (2017) Asian-Australas J Anim Sci 30: [338] [339] [340] [341] [342] [343] [344] [345] [346] was located at position 4.93 Mb on porcine chromosome 7 close to the porcine ras responsive element binding protein 1 (RREB1, 4.59 Mb) gene. The RREB1 gene encodes a zinc finger transcription factor [14] . It is involved in regulating the renin-angiotensin system. The RREB1 variants showed an association with type 2 diabetes and end-stage kidney disease in humans [15] . It has been reported that the RREB1 was associated with fat distribution and fasting glucose displaying potential effects related to the observed type 2 diabetes association [14, 15] . Moreover, the type 2 diabetes locus was identified in the RREB1 region [16] . The SSC8 g.47338181G>A marker derived from the primer combination E-AGC/T-CTG (AFLP10) was located at position 47.33 Mb on porcine chromosome 8 close to the porcine guanylate cyclase 1 soluble beta 3 (GUCY1B3) (46.71 Mb) gene. The GUCY1B3 gene is a beta subunit of the soluble guanylate cyclase and belongs to the nitric oxide system. It is involved in adipose tissue biology by influencing adipogenesis, insulinstimulated glucose uptake and lipolysis [17] . Several studies have reported on the importance of the presence of QTL for lipid accretion and IMF content on SSC8 [7, 8] . Although the AFLP10 revealed significant differences in frequency between the two groups of high-and low-IMF contents, the SNP detected in this fragment had no effect on the IMF and FA composition traits. The results indicate a lack of linkage disequilibrium between this SNP marker and the causal mutations for the studied traits in these crossbred pigs.
The SSC9 g.5496647_5496662insdel marker secured from the primer combination E-ATC/T-CGT was located at position 5.49 Mb on porcine chromosome 9 close to the porcine olfactory receptor family 51, subfamily V, member 1 (OR51V1, 5.46 Mb) gene. The olfactory receptor genes are a member of a large family of G-protein-coupled receptors and are encoded with single coding-exon genes. Olfactory receptors reveal a seven-transmembrane domain structure and are specifically responsible for the recognition and G protein-mediated transduction of odorant signals [18] . However, the molecular basis of the olfactory receptors for controlling fat deposition in animals is poorly understood. It has been indicated that the olfactory receptors may play a role in the sensing and regulation of dietary fat, and may be important with regard to the individual susceptibility of obesity in rats [19] . Moreover, the increasing expression levels of the olfactory receptor genes have been identified in adipose tissue during the development of obesity in mice [20] . In the present study, the SSC9 g.5496647_5496662insdel marker showed a significant association with IMF content and arachidonic levels. This result is consistent with those of previous studies which found that the QTLs for IMF content and fatty acid composition were located on the SSC9 at position 5.9 to 6.0 Mb [21] and 11.1 to 17.8 Mb [5] , respectively.
The SSC10 g.71225134G>A marker derived from the primer combination E-ACG/T-CTG showed 99% homology with porcine ANKRD16 gene and was located at position 71.2 Mb of porcine chromosome 10. In this study, the SSC10 g.71225134G>A IMF, intramuscular fat content; SFA, saturated fatty acids (C14:0+C16:0+C18:0+C20:0); MUFA, monounsaturated fatty acids (C16:1n-9+C18:1n-9+C20:1n-9); PUFA, polyunsaturated fatty acids (C18:2n-6+C18:3n-6+C20:2n-6+C20:3n-6+C20:4n-6); ω3 fatty acids (C18:3n-3+C20:5n-3+C22:6n-3); ω6 fatty acids (C18:2n-6+C18:3n-6+C20:3n-6); ω9 fatty acids (C16:1n-9+C18:1n-9). a,b Values in each row with different superscript letters are considered significantly different (p < 0.05).
marker revealed a significant association with palmitoleic and ω9 FA levels. However, this SNP was identified in the non-coding regions of the porcine ANKRD16 gene. It has been hypothesized that the SSC10 g.71225134G>A might be in linkage disequilibrium with other causal polymorphisms, which may be located in another region of the ANKRD16 gene. There is a limited amount of information regarding the ANKRD16 gene and its potential functions relating to fat deposition in pigs. However, a previous study pointed to multiple QTLs in the location of 68.0 to 76.9 Mb on SSC10, and was associated with serum lipid traits in pigs [22] . In this study, the SSC17 g.61976696G>T marker showed a significant association with IMF content and FA composition of palmitoleic, eicosenoic, arachidonic, MUFA, and ω9 FA levels. This marker derived from the primer combination E-ACC/T-CTA was located at 61.9 Mb of porcine chromosome 17 close to the porcine cytochrome P450 family 24 subfamily A member 1 (CYP24A1, 61.89 Mb) and docking protein 5 (DOK5, 62.40 Mb) genes. The CYP24A1 is a catabolic vitamin-D-24-hydroxylase enzyme [23] and belongs to a member of the oxygenase cytochrome P450 genes [20] . It is expressed in adipose tissue and showed a relationship with obesity in humans [24] . The trans-regulated CYP24A1 gene revealed an association with palmitic and saturated FA contents in the muscle tissue of pigs [25] . The DOK5 gene belongs to the downstream of the kinase family [26] . It is a substrate in the insulin signaling and is highly expressed in skeletal muscles [27] . The DOK5 exhibited IMF, intramuscular fat content; SFA, saturated fatty acids (C14:0+C16:0+C18:0+C20:0); MUFA, monounsaturated fatty acids (C16:1n-9+C18:1n-9+C20:1n-9); PUFA, polyunsaturated fatty acids (C18:2n-6+C18:3n-6+C20:2n-6+C20:3n-6+C20:4n-6); ω3 fatty acids (C18:3n-3+C20:5n-3+C22:6n-3); ω6 fatty acids (C18:2n-6+C18:3n-6+C20:3n-6); ω9 fatty acids (C16:1n-9+C18:1n-9). a,b Values in each row with different superscript letters are considered significantly different (p < 0.05). IMF, intramuscular fat content; SFA, saturated fatty acids (C14:0+C16:0+C18:0+C20:0); MUFA, monounsaturated fatty acids (C16:1n-9+C18:1n-9+C20:1n-9); PUFA, polyunsaturated fatty acids (C18:2n-6+C18:3n-6+C20:2n-6+C20:3n-6+C20:4n-6); ω3 fatty acids (C18:3n-3+C20:5n-3+C22:6n-3); ω6 fatty acids (C18:2n-6+C18:3n-6+C20:3n-6); ω9 fatty acids (C16:1n-9+C18:1n-9). a,b Values in each row with different superscript letters are considered significantly different (p < 0.05).
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Supakankul et al (2017) Asian-Australas J Anim Sci 30:338-346 a strong association with obesity and type 2 diabetes in humans [26] . Additionally, several QTLs for IMF content and fatty acid composition traits have been identified and located within the regions at position 57.6 to 67.9 Mb on SSC17 [28, 29] . These results suggest that the SSC17 g.61976696G>T might be in linkage disequilibrium with CYP24A1 and DOK5 genes. These results highlight the importance of the selected AFLP markers. They can be used to identify the effective SNP markers for IMF content and FA composition in the muscle tissue of pigs. Additionally, the in silico mapping showed that the AFLP markers were located on SSC7, SSC8, SSC9, SSC10, and SSC17 and were mapped close to the strong functional candidate genes for fatness traits including, RREB1, GUCY1B3, OR51V1, ANKRD16, CYP24A1, and DOK5, respectively. These findings promote the importance of all genes as the positional candidate genes for fat deposition in the muscles of pigs. Further studies on the single nucleotide polymorphisms of these genes are required in order to identify their association with fat deposition in muscles.
In the current study, we have identified the AFLP markers for IMF content and FA composition. Four novel SNP markers (SSC7 g.4937240C>G, SSC9 g.5496647_5496662insdel, SSC10 g.71225134G>A, and SSC17 g.61976696G>T) were found to be associated with IMF and/or FA content traits in commercially crossbred pigs. We demonstrated the possibility of taking advantage of the AFLP approach with regards to identification of the positional candidate genes for fat deposition in the muscle tissue of pigs.
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